Abstract: Sprinting with a lower-limb amputation over 100 m has taken place in the Paralympic Games for over three decades. The aim of this paper is to statistically evaluate the performances and participation levels of such athletes during this period. The level of performance improvement over a 36-year period was proposed to be significantly greater than the able-bodied equivalent. Coupled with this, a major spike in amputee running performance improvement was shown to occur from 1984-1988. This supports previously recorded accounts of a major technological change being made at this time. Finally, whilst the average performance of the medallists has increased consistently over the 36-year history, the overall participation in the event fell significantly after 1988 and did not recover until 2012.
Introduction
Whilst other competitions such as World Championships and the Paralympic World Cup both offer competitive opportunities for athletes with a disability, the longest recorded and best known event is the Paralympic Games.
The first Paralympic Games took place in 1960 [1] and a specific event for lower-limb amputee sprinting began in 1976. The sprint running distances of 100, 200 and 400 m for both male and female athletes all exist within the Paralympic programme. However, only the male 100 m has consistently taken place since 1976.
Generally speaking, whilst an amputation is a disability, the level and type of any limb amputation will affect the performance of an athlete differently [2] . As a result, such athletes are classified based OPEN ACCESS upon their functionality [3] . The classification of any athletes' disability has been undertaken either as a specific designation of their disability, or more recently through actual functional assessment [3] . This process clusters athletes with a similar level of disability together. The classification designated code for an athlete with a below-knee amputation in sprint athletics has changed over the 1976-2012 timeframe and has been defined in each Paralympic Games as:
 MC (1976 and 1980)  A4 (1984 and 1988)  TS2 (1992)  T44 (1996-current)
The current T44 class sprinter is typically characterised by a single amputation performed below the knee joint. An athlete with a double below-knee amputation can also race in the same event despite actually receiving a different formal classification (T43). This is known as a combined class and is often as a result of low levels of participation in any one classification [3] . However, even in a combined classification, prizes are only awarded to the first three athletes across the finish line. This makes parity between such mixed groups essential.
Sprinting with an amputation typically requires the use of a prosthetic limb. With functional prostheses, their purpose is to help a user maintain a full and active lifestyle [4] . However, the nature of prostheses when used in competitive sport is to facilitate the act of running and contribute to the best possible performance from an athlete. Running with a disability is unique in that it fundamentally requires technology to help facilitate it [5] .
Whilst attention has focused on the act of amputee running [2] , the behaviour of its technology [6] or characteristics when such athletes race [7] , no study to date has investigated the male 100 m lower-limb amputee sprinting results and participation over the course of its history at the Paralympic Games. This study will evaluate both performance data from the Paralympic Games over the 1976-2012 period and then compare this to the able-bodied equivalent. It will also evaluate the level and type of athletic participation that has taken place during this time period.
Methods

Performance Data
The results of the male 100 m below knee classification from 1976-2012 was used as the basis of this study. The data was obtained from the sport's governing body website (http://www.paralympic.org/Athletes/Results).
Two statistical methods were used to track the progression of this event. The first method uses the Performance Improvement Index [8] . The Performance Improvement Index (PII) primarily assesses sports performance change from one set of performance data to another using the results of an event. It ultimately identifies proportions that could also be attributed to sports technology and provides a metric which forms a direct comparison to other sports that rely on different metrics (such as speed, distance, or time). Considering the typical requirement of a prosthetic limb when running with a lower-limb amputation [2] and the publicised controversy surrounding their use [6] , use of this method may add further value to any discussions in the future. The PII has also been used to explore the impact of World Wars 1 and 2 upon running short, middle and long distance world records [9] , and on the impact of technological innovation in Olympic field jumping events [10] . The PII cannot currently identify the exact proportion of impact of sports technology change, but it has been shown to corroborate anecdotal evidence of change such as the inception of new materials used for the pole vault or a change in the aerodynamic design of bicycles [8] . As a result, it is a complementary tool to inform debate rather than to generate substantive findings. When considering timed events over fixed distances, Haake [8] defines the Performance Improvement Index as:
This formula was initially derived as part of a linear regression process [8] . This formula addresses work done by a body overcoming aerodynamic drag when moving and for a fixed air density. It comprises a first timed performance t1 divided by a second performance t2. The rest of the formula converts the change between two performances and expresses it as a percentage. This formula assumes events requiring motion to be dominated by aerodynamics. However, it should be noted that air resistance increases exponentially as speed increases [11] . The proportion attributed to the air resistance of a 100 m sprinter running at 36 km/h is going to be exponentially less than a cyclist performing a 4 km individual pursuit at 50 km/h. As a result, the magnitude of the PII index may be skewed if comparing events that result in different absolute and average speeds.
The second method was the percentage increase of a performance from one Paralympics Games to the next. This was expressed as:
Like the PII, t1 is the first performance (race time) and t2 the next performance (race time). The result of this change was also expressed as a percentage.
The mean average of the finishing time of the 3 medal podium runners from each successive Paralympic Games was calculated as a basis for methods one and two. By considering a group of runners (rather than outright world records or event winners), any individual outliers are reduced in impact to help prevent skew. Each events sample of three allows a normalised comparison of all results despite participation likely varying at each games.
Both amputee sprinting and its able-bodied equivalent could be considered the same in philosophical nature. As a result, to provide a base of reference to the amputee race analysis, both methods one and two were compared to able-bodied 100 m sprinting to the nearest able-bodied equivalent, the Olympic Games. The Olympic Games and Paralympic Games have both taken place every 4 years and (since 1992) at the same venue. To provide the basis for such comparison (and to also provide several methods of normalising the relative infancy of sprinting with a disability with those of the able-bodied equivalent), three 36-year data evaluations were compared. These are: It should be noted that only legal competitive performances were used in this study. Any sprinting performance which were rejected in the official results due to illegal practises such as doping, were also excluded here.
Event Participation
Athlete participation data was used to track trends to ascertain any level of change over the 36 year time periods. These were drawn from the classifications inception in 1976 up to the 2012 games using those described in the introduction section of this paper. The athletes' total participation number and country of representation was recorded from the total entry of the event-not just those qualifying for the final.
The data of athlete participation was also derived from the official governing body's website (http://www.paralympic.org/Athletes/Results).
Results
Performance Improvement
Performance Improvement of AS
The data derived from the timed performance of lower-limb amputee sprinting from Paralympics to subsequent Paralympics over the 1976-2012 timeframe is shown in Table 1 . Note: PII = performance improvement index.
It is evident in Table 1 that both the "games to games" percentage increase and the PII demonstrates substantial improvement in 1988 with an increase well in excess of other AS "games to games" scores. There is no evidence of a change in PII to the same magnitude as 1988-either prior to it or after this date. Improvements in performance can be demonstrated until 2008 when performance times generally decrease.
Performance Improvement of Able-Bodied IP
The data derived from the timed performance of able-bodied sprinting from their inception at the Olympics over the 1896-1932 timeframe is shown in Table 2 . Note: PII = performance improvement index.
Able bodied sprinting from its Olympic Games inception saw progressively low rates of improvement. However, there was a spike, (equal to that of the AS 1984-1988 Paralympic sprinting improvement) from 1896-1900. The specific reason for this (be it social, technological or other) is not known. It should also be noted that a gap in the data occurred in 1916 since the Olympic Games were cancelled that year due to World War 1.
Performance Improvement of Able-Bodied MP
The data derived from the timed performance of able-bodied sprinting from their inception at the Olympics over the 1976-2012 timeframe is shown in Table 3 . Note: PII = performance improvement index.
The degree of improvement of able-bodied MP PII is very low and significantly lower than those illustrated in Tables 1 and 2 . Any gains are typically around 1% which is less than half of the typical gain that AS see during the same time period.
The general trend progressions of the mean podium of IP, MP and AS are now illustrated for comparative purposes in Figure 1 . Visual inspection of Figure 1 reveals that whilst it can be seen at the start of the evaluated time period that the three traces are wide apart, by the end of a 36-year duration they have narrowed considerably. Whilst the MP group has seen relatively little progression, AS has been subjected to a substantial reduction in the mean podium performances, illustrated with a far steeper gradient in its trace. Both IP and MP are also reducing but this is at a far more conservative rate. The three sub-groups decaying downward traces suggest that they are all likely to improve further in the future but that AS will likely be subjected to the greatest level of improvement.
The "games to games" PII changes of AS and able-bodied MP and IP over their 36 year periods can be compared together as shown in Figure 2 .
It should be noted that the gap in IP's trace in Figure 2 was due to there being no Olympic Games held in 1916. The magnitude of the change in the AS event is shown by the steep peak in 1988 (games no. 3). After this point, the AS rate reduces until games no. 9. The IP timeframe too sees a slight increase at the end of its 36-year period, despite relative stability prior to it. The MP period seems to be in a state of relatively marginal improvement. 
Event Participation
36 different countries sent athletes to the eight Paralympic games held between 1976 and 2012. The total number of eligible race "starts" by athletes was 159 (inclusive of those who did not finish). Figure 3 illustrates the number of nations participating and the total number of athletes competing in the lower-limb amputee 100 m sprint event at each games. It can be seen that the number of competing athletes peaked in 1984 with a sharp decline in 1988. There is a gradual second (but smaller) peak at the 1996 games and then a gentle decline until the biggest increase seen since 1984 in 2012. This trend is also reflected by the total number of countries sending athletes to compete in this event.
It is unclear what may have caused a positive increase in 2012, having suffered a gradual decline prior to it. It should be noted that (as mentioned in the introduction) the disability classification codes were changed 4 times over this full period. Crucially though, there was no such change in these between 1984 and 1988.
The relationship between the number of athletes and the number of nations taking part from 1976-2012 can be expressed as a ratio. This is illustrated in Figure 4 . The ratio had its higher level from 1984-1992 but has been in decline since then. This demonstrates that the number of athletes a country could have is not increasing-despite the increase in AS illustrated in Figure 1 . Secondly, Figure 3 has not indicated an increase in the number of nations competing. As a result, whilst the strength in competition is clear, its depth is not.
Discussion
Able-bodied sprinting has generally shown consistent, yet marginal improvements in performance. Amputee sprinting on the other hand has not directly followed the trends of able-bodied sprinting-either with their original inception into the Olympic Games nor over the same timeframe from 1976-2012. Amputee sprinting has seen a greater and faster rate of performance improvement compared to both of the able-bodied time period comparisons.
In addition, a noticeable peak in PII took place from 1984-1988. The specific reason for this peak can only be speculated. It has been demonstrated that of a typical historical performance improvement change, some of this can be attributed to clothing [8] or the social impact of war [10] , but the able-bodied athlete's data over the same evaluated time period do not reflect similar sudden increases in PII that the amputee sprinting group demonstrated. Acknowledging that there were no changes in disability classification at the Paralympics between 1984 and 1988 (which may account for the sudden change in performance or participation), this suggests that there are other causative factors involved which are unique to disability sprinting. It has been proposed that a significant change in prosthetics technology took place from 1988 with the introduction of energy storage and return prostheses [8] . The PII magnitude of this peak (21%) is extremely large compared to any other Paralympic Games to Games increase over the evaluated period. This PII peak value is not as high as other values reported [8] such as javelin technology (95%), pole vault design (86%) or the cycling individual pursuit (35%). However, those examples were all calculated over much greater timeframes of at least 80 years. Considering that the maximum change in able-bodied sprinting would be 24% over a 100 year period [8] , the level of progression shown by AS of 21% over just a 4 year period could be regarded as somewhat unusual and supportive of the notion that the technological change occurring in 1988 reported by Nolan [2] , has positively contributed to the running ability of a lower-limb amputee. It has been suggested that to break plateaus in sporting performance, greater athletic improvements will be driven by revolutions in sports technology [10] . If this is true (and if a technological change was the sole cause of the large increase in PII), the use and role of prosthetics technology requires clarification by the sports stakeholders.
The general rate of performance improvement progression, whilst remaining positive, has generally decayed over the 36 year history. Such decay is typical in nature of sporting records and has also been recorded in the able-bodied 100 m world record generally [9] . This suggests that the sport will continue to develop for the foreseeable future but that the margins of improvement will become increasingly smaller in magnitude.
The evidence presented here also demonstrates a declining level of participation coupled with increasing levels of performance, even though overall athlete attendance at the Paralympic Games has been stated to continually increase [12] . In addition, the ratio of athlete to nation entering the 100 m at the Paralympic Games is also in decline-even as its performances are. If an increase in participation is desirable to the sport, any perceived barriers need to be identified to improve this. There are caveats to this proposal-it is not known what restrictions any nations might have applied to the number of athletes sent during this allotted time-period. The changes in participation levels could hypothetically be attributed to countries changing their attitude to athlete selection. It would be worthwhile to find out why smaller nations such as Poland, Israel or Myanmar (who sent several athletes prior to 1988) suddenly failed to do so from this point onwards. It is possible that their athletes simply were not replaced when they retired by younger ones of comparable standard but it would be a significant coincidence that several nations had this issue around the same time, who were all previously successful. It is of note that if a change in prosthetics technology took place from 1988 as discussed earlier, whether this impacted on athlete participation. The supply, demand or access to prostheses technology should be investigated to see if that was a contributory factor.
Conclusions
Amputee sprinting was evaluated from 1976-2012 and compared to able-bodied sprinting over the same duration and time period to its change in Paralympic Games event to event performance. The rate of improvement is significantly higher in amputee sprinting than an able-bodied equivalent. However, the performance trend of lower-limb amputee sprinting demonstrates a decaying rate of improvement which is typical of other sports. A large increase in amputee sprinting performance improvement was identified in 1988. This evidence supports previously reported anecdotes of a technological change made at this time. Finally, whilst the running performance has steadily improved, the level of participation has not. The nations sending athletes to the Paralympic Games changed significantly before and after 1988 but it is not clear if this is linked to the increase in performance improvement that occurred at the same time.
